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We report on the experimental observation of excitation and detection of parametric spin waves and spin currents in the
bulk acoustic wave resonator. The hybrid resonator consists of ZnO piezoelectric film, yttrium iron garnet (YIG) films
on gallium gadolinium garnet substrate, and a heavy metal Pt layer. Shear bulk acoustic waves are electrically excited
in the ZnO layer due to piezoeffect at the resonant frequencies of the resonator. The magnetoelastic interaction in
the YIG film emerges magnons (spin waves) excitation by acoustic waves either on resonator’s eigenfrequencies or the
half-value frequencies at supercritical power. We investigate acoustic pumping of magnons at the half-value frequencies
and acoustic spin pumping from parametric magnons, using the inverse spin Hall effect in the Pt layer. The constant
electric voltage in the Pt layer, depending on the frequency, the magnetic field, and the pump power, was systematically
studied. We explain the low threshold obtained (∼ 0.4 mW) by the high efficiency of electric power transmission into
the acoustic wave in the resonator.
The studies in the field of magnonics or magnon spintronics
direct to employ microwave spin waves (SW) as main carri-
ers of information data transmission and processing.1–4 There-
fore, the problem of interaction between SW (or their quanta
– magnons) and other condensed matter excitations (phonons,
electrons, etc.) is of great importance. The numerous mani-
festations of SW - acoustic wave (AW) interaction in micro-
and nanoscale structures, especially the conversion of mag-
netic energy into elastic and vice versa, are of interest both for
practical applications and fundamental physics.5–8
The elastic excitation of SW can be carried out without
the alternating magnetic fields, which substantially reduce
ohmic losses in comparison with the inductive current-driven
excitation.9 So the magnon-phonon interaction is very promis-
ing for the development of low energy SW logic circuits and
memory elements.
Linear excitation of acoustically driven spin waves
(ADSW) was demonstrated in various hybrid magnon-phonon
structures containing piezoelectric (PE) and ferromagnetic
layers.10–13 To excite ADSW, the close contact between
the layers is unnecessary, and a high-Q acoustic medium
can separate the layers with neither PE nor ferromagnetic
properties.14–16 Strain-induced magnon effects, such as SW
generation, propagation, and amplification in magnetoelectric
structures with close contacts of PE and thin ferromagnetic
films also gained a lot of attention recently.1,9,17
Ferromagnetic (at microwave frequencies) yttrium iron gar-
net (Y3Fe5O12 - YIG) grown onto gadolinium gallium garnet
(GGG) substrate has extremely low losses of spin waves and
acoustic waves, and their high conversion efficiency. It makes
YIG-GGG the perfect candidate for magnon spintronics de-
vices. Thus, investigations of acoustically driven spin waves
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(ADSW) in heterostructures with YIG-GGG are now quite a
hot topic in scientific research.
A widely used spin pumping method is now implemented
to study SW dynamics in micro- or nanoheterostructures.18–21
Spin pumping (SP) is a transform of the spin angular mo-
mentum of magnons into a spin current at the ferromagnetic-
nonmagnetic metal interface.22 The electrical detection of SW
results from the spin to charge current conversion in heavy
metal like Pt due to the inverse spin Hall effect (ISHE).23 We
will refer to this method as SP/ISHE further.
Spin pumping from linearly excited ADSWs with a sur-
face AW was experimentally exhibited.24–26 In Refs. 27–
30, we demonstrated the piezoelectric ADSWs excitation
and their SP/ISHE detection in the spintronic hypersonic
High overtone Bulk Acoustic wave Resonator (HBAR) with
ZnO/YIG/GGG/YIG/Pt structure. In a similar HBAR struc-
ture, the influence of the parametric acoustic pumping on the
propagation of SW excited via traditional microstrip antennas
was studied.31
The excitation of short wavelength parametric magnons is
currently studied in connection with the tendency to reduce
the size of magnonic structures. Therefore, the source of low
energy parametric magnons is highly relevant. Apparently,
purely acoustic parametric excitation of SW in HBAR has not
been reported previously. The SP/ISHE method for detecting
parametric ADSWs up to the present day was considered only
theoretically.32
In this work, we report the observation of the parametric
ADSW excitation in a spintronic HBAR with YIG/Pt structure
used previously in Ref. 28 for the linear ADSW excitation. We
studied the frequency and magnetic field dependences of the
ISHE constant voltage signal under the resonator’s excitation
in the GHz frequency range. The signal from the parametric
ADSW was observed when: i) the pump frequency coincided
with one of the HBAR resonant frequencies, ii) half of the
pump frequency coincided with one of the SW frequencies
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2for a given magnetic field, iii) the pump power exceeded a
threshold, depending on the field.
FIG. 1. (a) Schematic of hybrid HBAR with the Pt stripe for acous-
tic SP. (b),(c) Reflectivity |S11( f )| in the frequency domain at zero
magnetic field. (d) Positions of HBAR resonant frequency fn in the
( f ,H)-plane: the blue curves – experiment, the red curves – calcula-
tion according to the theory in Ref. 30.
The scheme of the experimental HBAR is shown in
Fig. 1(a). The resonator was fabricated on the basis of a ready-
made YIG-GGG-YIG wafer consisting of a single-crystal 500
µm thick GGG (111) plate and two 30 µm thick YIG films
grown on both sides of the plate by liquid-phase epitaxy. The
YIG films were doped with La and Ga and characterized by a
saturation magnetization of 4piMs ∼ 800−900 G. The use of
these films provides a number of advantages with respect to
pure YIG films (4piMs ∼ 1750 G), in particular, the SW exci-
tation at lower frequencies, comparable to the frequencies of
AW generated by PE transducers.27,29 Note that the presence
of the upper YIG film is not necessary for the effects consid-
ered but is dictated by the YIG’s growth technology.
A PE transducer consisting of ZnO film sandwiched be-
tween thin-film Al electrodes was deposited on one side of the
YIG-GGG-YIG structure. The electrodes were patterned by
photolithography and had an overlap with the aperture a= 170
µm. The textured ZnO film produced by rf magnetron sput-
tering has the inclined c-axis for the excitation of the primary
shear AWs with elastic displacement in the YIG films plane.33
Figure 1(b) shows the HBAR spectrum – frequency depen-
dence of the microwave voltage reflection coefficient |S11( f )|
in the absence of an external magnetic field. The enlarged
fragment in Fig. 1(c) is given for the region of the most effi-
cient thickness modes excitation, in which all measurements
were then performed. The presence of dips in |S11( f )| (sharp
reduction of reflectivity) indicates the excitation of AW, since
they carry out the energy. The difference between adjacent
dips is fn − fn−1 ≈ 3.1 MHz, and corresponds to the exci-
tation of thickness extensional shear AW. Then, the struc-
ture was placed in an external tangential magnetic field H‖z,
which magnetized the YIG films to saturation 4piMs = 845 G
if H > Hs ∼ 10 – 20 Oe, where Hs is the saturation field.
In YIG films, ADSWs are excited due to the interaction
between the magnetic and elastic subsystems.34 For their de-
tection by the SP/ISHE method, a 12 nm thin Pt layer was
deposited on the bottom YIG film’s surface underneath the
PE transducer aperture. Spin pumping from ADSW results in
the time-averaged spin current js ∝ n〈(M× ∂M/∂ t)〉z = jsn
polarized along z and flowing from YIG into Pt parallel to
the normal n‖x. The ISHE in Pt leads to an electrostatic
field EISHE ∝ −(js × z) in the y-direction, and the dc volt-
age UISHE = −a(EISHE · y) between Pt stripe’s ends.23 Fre-
quency dependencies of UISHE( f ) and |S11( f )| were simulta-
neously measured at a fixed magnetic field, varied in the range
Hs ≤ |H| ≤ 1 kOe.
Figure 1(d) displays the resonance frequencies’ rearrange-
ment due to linear ADSW excitation under magnetoelastic
resonance (MER) at the field HMER≈ 520 - 525 Oe. Similar to
our previous works (see Refs. 27–30), a voltage UISHE( f ,H)
from the excitation of linear ADSW was also observed in the
vicinity of HMER that will be discussed later.
FIG. 2. 3D dependence of UISHE( f ,H) at the applied power P = 9
mW.
While the magnetic field increases above the range shown
in Fig. 1(d), the frequency spectrum does not experience a no-
ticeable effect, and there is no dc voltage signal. When the
field decreases below the range, the spectrum also remains al-
most unchanged, but the voltage signal UISHE( f ,H) is clearly
detected, as shown in Fig. 2. The maxima ofUISHE( f ,H) cor-
relate with the positions of the HBAR resonance frequencies
fn and fn−1, indicated by arrows. Note, when the field direc-
tion is reversed, the voltage changes the sign, which is typi-
cal for the ISHE symmetry. Narrow region of magnetic fields
|H| ∼ 2-3 Oe <Hs, where the voltage changes the sign during
magnetization reversal, is of undoubted interest, but outside of
the scope of this research and will be discussed in the further
work.
Let us consider in details the magnetic field de-
pendence of the voltage at a fixed frequency in
an infinite medium fp = fn in comparison with
the dependencies of the characteristic SW frequen-
cies fSW(q,H) = γ
√
Heff(q)(Heff(q)+4piMs sin2 θ) =
3√
fH(q)× ( fH(q)+ fM sin2 θ). Here, γ = 2.8 MHz/Oe,
Heff(q,H) = H + 4piMs(λq)2, λ ∼ 10−6 cm is the exchange
length, and θ is the angle between the wave vector q and H.
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FIG. 3. (a) Dependences of SW frequencies at q = 0 in an infinite
medium
on the magnetic field: f = fH(0) (dotted magenta) at θ = 0;
f = fFMR (green) at θ = 90◦. The dotted blue line represents the
frequency f = fD = fH(0)+ fM/2 – upper boundary of dipole
(non-exchange) surface magnetostatic waves. (b) Experimental field
dependencies UISHE(H) at the pump frequency fp = fn = 2.412
GHz. (c)-(e) Dispersion diagrams fSW(k) and pumping schemes at
different fields. The blue circles denote the SW resonance
frequencies.
Figure 3(a) shows the calculated field dependences of the
frequency limits of the SW spectra at q= 0 with parallel (θ =
0, f = fH(0,H)) and perpendicular (θ = 90◦, f = fFMR(H))
directions of q. Here fFMR = fSW(0,H) is the ferromagnetic
resonance frequency. The horizontal lines mark the reso-
nant frequency HBAR fp = fn = 2.412 GHz, and it’s sub-
harmonics fp/2 and fp/4. The dependency UISHE(H) (blue
line) measured with the step of 1 Oe and corresponding to
the cross-section of the surface UISHE( f ,H) at f = fn (see
Fig. 2) is shown in Fig. 3(b). It can be seen from Fig. 3(a) and
Fig. 3(b) that the field of the maximum voltage H = 193 Oe is
close to the critical field Hc = 184 Oe, at which fFMR(Hc) =
fp/2. It indicates thatUISHE(Hc) originates from the detection
of parametric SW with q = 0. The voltage signal is observed
in the field range below of 432 Oe. This field correlates with
the value Hc1 = fp/(2γ) in Fig. 3a. Above this field, the exci-
tation of any parametric SW is impossible; therefore, the volt-
age signal is suppressed. However, at higher fields, the linear
excitation of ADSW results in the peak of UISHE( fn,HFMR),
presented by the black curve in Fig. 3(b). Here HFMR ≈ 534
Oe is found from the relationship fn = fFMR(H).
Consider now a range of wavenumbers where parametric
ADSWs can be excited. Figures 3(c)-3(e) schematically show
the dispersion fSW(±k) of SW propagating in the film plane
at an angle θ to the magnetic field direction: θ = 0 (magenta
curves), and θ = 90◦ (green curves). Here k= |k|= |q‖| is the
in-plane component of the wave vector. Blue curves represent
the dispersions of surface SW. Figure 3(d) displays the dis-
persion diagram at the field H =Hc. The vertical arrows show
the process mentioned above of the creation of two parametric
magnons with k = q= 0 and frequency fp/2.
In the fields Hc <H <Hc1, the spectrum of parametric SW
is a set of the backward volume SW, propagating in-plane at
angles 90◦ > θ ≥ 0. In Fig 3(e), the arrows demonstrate the
pumping scheme of parametric exchange SWs at H ≈ Hc1.
The SWs are excited with sufficiently large wavenumbers k0
and zero group velocity. For a film of thickness d, the minimal
SW frequency increases slightly: ( fmin(k0)− fH(0))/ fH(0)∼
λ/d ∼ 10−3 (see Ref. 35). On the contrary, the wavenum-
bers of minima turn out to be substantially different from zero:
k0 ∼ 1/(λd)1/2 ∼ 104 cm−1.
The field region H < Hc corresponds to a dipole-exchange
SW propagating perpendicular to the field (θ = 90◦). Fig-
ure 3(c) illustrates the parametric generation of exchange SWs
of two types: propagating mainly in the film plane with large
k and q⊥  k (solid arrows), and standing modes of the SW
thickness resonance with k ≈ 0, q⊥  k (dashed arrows).
Here q⊥ = pis/d is the wavenumber components along the
film thickness and s = 1,2, . . . are the SW resonance num-
bers. We suppose that the change of the type of paramet-
rically excited SW evokes the observed non-monotonic de-
pendence of UISHE(H) at H ∼ 100 Oe (see Fig. 3(b)). The
total wavenumber q= |k+q⊥| can be estimated from the re-
lation (qλ )2 = (Hc−H)/4piMs, which provides for the max-
imum wavenumber q∼ 105 cm−1 at H = Hs. As one can see
from Figure 3(a) the frequencies fn/2 in this case are close to
the upper frequency limit fD = fH(0)+ fM/2 for dipole (non-
exchange) surface SW in the plate.
The experiments described above were conducted at a fixed
power level of 9 mW. Next, we study the voltage dependence
UISHE(P) at lower power levels up to 3 mW. Figure 4(a) shows
the UISHE(P) for three values of the magnetic field H > Hc.
The data are fitted by UISHE(P,H) ∝ (P−Pth(H))1/2, where
the fitting parameter Pth(H) ≈ 0.4 mW can be interpreted as
a threshold power. Similar power dependences are specific to
the concentration of the magnon dominant group, excited near
the threshold of parametric instability Pth(H).36 The results
of the UISHE(P,H) measurements over a wide magnetic field
range are shown in the color-coded plot in Fig. 4(b). The white
circles show Pth(H) found from the fitting.
The solid arrow marks the critical field Hc. According to
the previous consideration (Fig. 3(b) and 3(d)), a parametric
process is possible with the creation of SW at a frequency
fp/2 and with q = k = 0. As it can be seen, the local min-
imum of the threshold power Pth(H) is also located in this
field. The dashed arrow marks the field Hc2 =Hc1/2 = fp/4γ .
It corresponds to the upper limit on H for the possible decays
of parametric magnons with the frequency fp/2 into two sec-
4FIG. 4. (a) The dependences UISHE(P) at different magnetic fields.
The symbols – experiment results, the lines – the fitting with the
relation UISHE ∝ (P−Pth(H))1/2. (b) Color-density plot represents
UISHE(H,P) measured at fp = fn = 2.412 GHz. White circles show
Pth(H).
ondary parametric ones at a frequency fp/4. A jump in Pth(H)
behavior is precisely at H =Hc2, and it can be attributed to an
increase in the magnetic relaxation parameter ∆Hq due to the
contribution of secondary parametric processes.
The mechanisms of magnetoelastic parametric excitation
of magnons from pumping by AW with different polariza-
tions were considered in Refs. 37–41. Following Ref. 38,
for pumping by the shear AW propagating perpendicular to
the field, we obtained the expression for the threshold acous-
tic power PS = 0.5pia2CSVS(Ms∆Hq/B2)2 ≈ 20 . . .160 µW.
Here CS = 7.64×1011 dyn/cm2 and VS = 3.85×105 cm/s are
the elastic modulus and velocity for shear AW, respectively;
B2 = (5 . . .7)× 106 erg/cm3 is the magnetoelastic constant,
∆Hq = 0.25 . . . 0.5 Oe. The relationship of this power with
the power applied to the electrodes can be found from PS =
Pth∆|S11|2, where ∆|S11|2 is the value of the dip |S11( f )|2 in
the vicinity of the resonant frequency fn.24,27 From Fig. 1(c),
we found ∆|S11|2 ≈ 0.2; hence Pth = 0.1 . . .0.8 mW, which is
consistent with the experiment (see Fig. 4). Thus, based on the
preceding, we conclude that the voltage observed results in the
detection of parametric ADSW with the SP/ISHE method.
In summary, the acoustic generation of parametric spin
waves – ADSW – was observed in the resonator of bulk
AW containing YIG/GGG/YIG/Pt structure. Parametric
ADSW were detected using the spin pumping from YIG to
Pt and ISHE in Pt. The dependence of the voltage on the
pump power shows that the minimum thresholds are quite
small, which is due to the excitation efficiency of the high-Q
hybrid HBAR by the PE transducer strictly at the resonant
frequencies. It should be noted the Q-factor of our resonator
at 2.4 GHz was Q ≈ 4× 103, that is far from the possible
values (Q > 105) which can be obtained in HBAR at this
frequency. Thus increasing Q-factor and excitation frequency
as well as decreasing the ferromagnetic film thickness makes
it possible to excite magnons with wavenumbers exceeding
q∼ 105cm−1 reported in this work.
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